A direct molecular structure implementation of the gauge-including atomic orbital (GIAO) method for calculation of nuclear magnetic shielding tensors at density functional (B3LYP) level of theory with 6-31G(d,p) and 6-311+G(2d,p) 
Introduction
Xanthine derivatives possess different pharmacological activities. caffeine (3,7-dihydro-1,3,7-trimethyl-1h-purine-2,6-dione) is a central nervous system stimulant that is most consumed in our daily life, as it is contained not only in coffee, but also in tea, cocoa, cola and other various beverages and foods. it is also available as a stimulant drug or as an addition to analgesics in over-the-counter formulations. the pharmacological effects of caffeine are attributed primarily to blockage of adenosine A 1 , A 2A and A 2B receptors; it has a lower affinity for A 3 receptors (7). Thus, it can influence dopaminergic neurotransmission and also induce rapid changes in gene expression and perform adaptive changes. these include antiepileptic and neuroprotective changes. caffeine has a number of central nervous system effects directly or indirectly related to adenosine receptors. it can also inhibit cyclic nucleotide phosphodiesterases, promote ca 2+ release and block GABA A receptors, but concentrations required to elicit these effects are one hundred times higher than those attained during human caffeine consumption (8) . it has been reported that asymmetrically substituted xanthines exert activity on animal models of cnS diseases including Alzheimer's type dementia (17) . on the other hand, brain hypoxia plays an important role in the growth of Alzheimer's type dementia (20) . Based on the variety of pharmacological activities of the xanthine derivatives and their promising effects on a number of cnS degenerative diseases, it was of interest to enrich this moiety with some structural analogues. For this purpose we have successfully synthesized some low toxic caffeine (15, 16) , theophylline (23) and theobromine (24) derivatives with antihypoxic activity.
the biological activity of the compounds is supposed to depend on their molecular structure and often on one single unique conformation amongst all low-energy conformations. nMR spectroscopy has proved to be an exceptional tool for elucidation of structure and molecular conformation. Ab initio and DFt calculation of nMR shielding at very accurate levels of approximation are available (6) . these methods, however, may not only interpret the synthetic results obtained thus far, but also can be used for the investigation of some useful practical predictions. the most widely used methods for calculation of chemical shifts are as follows: cSGt (continuous set of gauge transformations), iGAiM (individual gauges for atoms in molecules), and GiAo (gauge independent or invariant or including atomic orbital). the GiAo approach (4) is known to give satisfactory chemical shifts for different nuclei (4) with larger molecules yielding data comparable with those of the experiment.
our long-standing interest in the chemistry of methylxanthines, coupled with the availability of a number of methods for calculation of magnetic response properties, gave us a reason to study a group of novel 8-substituted 1,3,7-trimethylxanthine derivatives using 6-31G(d,p) and 6-311+G(2d,p) basis sets. thus, in this paper the theoretical isotropic 
Materials and Methods
Experimental procedures the synthesis and characterization of the studied compounds was described previously (15, 16) . the 1 h nMR spectra were measured on a Bruker 100WP (100 Mhz) spectrometer (Germany) using DMSo-d 6 as solvent and chemical shifts were expressed as δ values in ppm against tMS as an internal standard.
Computational methods
All names were generated using structure-to-name and nameto-structure algorithms included in chemBioDraw Ultra 11.0 (cambridgeSoft) (14) . the energetically preferred geometries were calculated by force field energy minimization using the parameter set of the Allinger's MM2 force field (2) . the Becke's three-parameter exchange functional (B3) (1) combined with the gradient-corrected correlation functional of lee-Yang-Parr (lYP) (12) of the DFt method was used for the full optimization of the structures. the basis sets 6-31G (d,p) and 6-311+G(2d,p) were employed in the B3lYP calculations. After optimization, 1 h chemical shifts were calculated with the GiAo method (11), using corresponding tMS shielding calculated at the same theoretical level as the reference. All the DFt calculations were carried out using the GAUSSiAn 09 program (9) with GaussView 3.0 interface (3) . the computations were done on a Grendel computer cluster (Aarhus University, Denmark). linear correlation analyses were carried out using origin 6.1 program (18) . the quality of each correlation was assessed with the corresponding Pearson correlation coefficient (r), coefficient of determination (COD, r 2 ) and RMS error (13) . the atom numbering is according to Fig. 1 .
Results and Discussion
the investigated compounds are presented in Fig. 2 . the optimized structures of the investigated 8-thiosubstituted 1,3,7-trimethylxanthines were computed in gasphase at B3lYP/6-31G(d,p) and B3lYP/6-311+G(2d,p) levels of theory without symmetry restrictions (c 1 symmetry was assumed) and are presented in Fig. 1 . the geometrical parameters (bond lengths, bond and torsion angles) for the caffeine fragment of the compounds, calculated at B3lYP/6-31G(d,p) level of theory are presented in Table 1 . the results from the B3lYP/6-311+G(2d,p) calculation are quite similar to the presented ones.
All atoms from the caffeine fragment, except the hydrogens of the methyl groups, are located in the same plane. thus, the calculated bond lengths and bond angles in the caffeine residue do not differ significantly from those obtained in an X-ray study of the caffeine monohydrate crystal (21) . the theoretical and the experimental values differ by 0.01 Å to 0.06 Å and 0.4º to 7º. the greatest difference is observed for the extracyclic n-c bonds and the angles between these bonds and the corresponding intra-cyclic bonds. this deviation may be due to the fact that the theoretical calculations apply to a single molecule in a gas phase, whereas the experimental results apply to a molecule in a solid state (10) . the lengths of the methyl c-h bonds vary from 1.087 Å to 1.094 Å. however, the calculated values were found to be in a good agreement with those reported by Poltev (19) (obtained by MP2/6-31G(d,p) calculations) and egawa (5) (obtained by MP2/6-31G** and B3lYP/6-31G** calculations).
the experimental and theoretical results for 1 h chemical shifts, along with the differences for each compound are presented in Table 2, Table 3, Table 4, Table 5, Table 6 , and Table 7 .
the presented calculations from the two basis sets are in good agreement with the experimental values. Some differences in chemical shifts for n-methyl and n-methylene group hydrogens are observed, when analyzed in DMSo-d 6 solution for all of the compounds. A dramatic downfield shift of the hydroxyl resonance signal takes place due to hydrogen bonding of (1e,f) with the solvent. A similar shifting for the more acidic phenolic protons of (1d) also occurs.
in addition, an important difference between the experimental and the calculated values for the chemical shifts of the n-h protons was also encountered. the signals of the n-h protons from the spectra performed in DMSo-d 6 were found to be 9.40 ppm, while the corresponding calculated values are at 5.12 ppm to 5.65 ppm for the 6-31G(d,p) basis set and 5.75-6.34 for the 6-311+G(2d,p) basis set, respectively. these differences are concidered to be due to the solvatation effect of DMSo-d 6 , similarly to the above mentioned o-h protons. This is further confirmed by the well-known fact that the amide n-co bond has a particular double-bond character arising from the contribution of resonance structure B to the ground state of the amide (Fig. 3) (11) . What is more, the amide protons have weak acidic properties explained by the resonance structures c and D (Fig. 4) . this and some similar properties reported previously (22) gave us a reason to exclude these values from the subsequent calculations. A least square fit of overall 1 h data with 95 % prediction limit as shown in Fig. 5 and Fig. 6 was performed. A strong linear relationship for 6-31G(d,p) and 6-311+G(2d,p) basis sets may be observed. This relationship is confirmed from the calculation for the individual compounds, where the δ calc = a + bδ exp was established and the details are presented in Table 8 . From these results, it may be summarized that the calculated values by both basis sets are quite similar. however, some chemical shifts calculated with the 6-31G(d,p) basis set show better agreement with the experimental data as compared to the results from the 6-311+G(2d,p) basis set. Moreover, the best values achieved for the δ calc = a + bδ exp equation are a = 0 and b = 1, respectively. As seen in Table 8 , the calculated b values are from 0.944 to 1.018 for the 6-31G(d,p) basis set and from 1.01 to 1.076 for the 6-311+G(2d,p) basis set. thus, the b values obtained by the 6-31G(d,p) basis set were found to be close to 1, while the chemical shifts calculated by the other basis set showed much better fitting to the experimental data. the obtained b values differ statistically significantly from zero (P < 0.0001), which means that the linear model used is adequate and correctly describes the dependence between the experimental and the calculated values of the corresponding chemical shifts. 
